in the homeotherm have been thought to be determined by local neural heat production, local blood flow, and the temperature of the arterial blood perfusing the brain ( 1, 7, 8, 32, 37 (3, 26) . In the cat (4) and sheep (5) C. All values in this paper will be expressed as the mean, to be followed by the range and the number of experiments in parentheses. In eight of these chronically prepared animals, at repeated weekly intervals of several hours each and in an environmental chamber at 35 C, the trachea was intubated through the mouth with a soft plastic tube (without a pressure cuff) and ventilation controlled with a Harvard pump at ZO-25/min with the end-expired CO2 adjusted to 4-5 %. A rapidly acting infrared CO2 analyzer (Goddart, Copenhagen), calibrated against gases of known chemical composition, was used to determine end-expired COP. Gallamine triethiodide (Flaxedil, American Cyanamid Co., 3-8 mg/kg) and pentobarbital sodium ( 5-l 0 mg/kg) were given to obtain full respiratory control. The immobilized monkey was comfortably positioned and padded with towels on top of a table in the environmental chamber with lubricating ointment in the conjunctival sacs and the eyelids closed. These animals were exposed to gases of different compositions from a Douglas bag with gas flow through the respiratory pump.
At termination of the experiments the animals were placed under pentobarbital anesthesia, their hearts perfused first with saline and then with 10 (7% formol-saline. Thermocouple and electrode positions were determined by gross inspection and microscopic examination of serial sections of frozen tissue which had been cut at 80 p and stained with thionin. Fig. 1 ). During feeding and sleeping, the changes in venous temperature usually did not parallel the changes in arterial blood and brain temperatures (Fig. 1) . While measurements in the right atrium did indicate thermal oscillations due to respiratory and cardiac cycles as well as the fastest shifts in blood temperature during feeding, sleeping, and arousal, these changes were too unpredictable and varied to be used as a reliable thermal base line in the study of cerebral temperature.
i-7 . Given a banana, a hungry monkey quickly stuffs its cheek pouches full, chews, and swallows this food at its leisure. This type of behavior can provide an abrupt transfer of heat by conduction between the food and the mouth of the monkey, with rapid cooling of the blood even before the food is swallowed. Ingestion of two cold bananas (each 70 g chilled to 5 C) over a 5-min period produced a mean drop of 0.8 C in all brain sites ( Fig. 1 ) with a maximal rate of fall in eight experiments. Two neutral bananas (34 C) caused no consistent change in brain temperature in four experiments. Filling the cheek pouches and eating two warm bananas (40 C) caused a mean rise in brain temperatures of 0.2 C in four experiments.
Simultaneous measurement of temperature of venous blood in the right atrium and of arterial blood in the aorta also showed warming and cooling during feeding ( Fig. 1) . Within 20 set after the monkey began to fill its cheek pouches with 5 C bananas, the right atria1 blood began to cool, and within 30 set, arterial blood temperature dropped. Not until 40-70 set after ingestion did brain sites begin to cool. The peak right atria1 temperature drop was 0.2-0.3 C greater than that measured in the arterial blood in three experiments (Fig+ l), but both of these cooling curves reached their low points at about the same time. In five experiments arterial blood cooled 0.1-0.2 C more than three deep brain sites, and maximal rate of fall being 0.2 C/min. The extracerebral nonvascular tissues showed the most thermal lag following feeding. For example note the subcutaneous tissue of the scalp in Fig. 1 where there was a 4-5 min time lag in comparison to the response of the arterial blood. Brain and blood temperatures usually returned to control levels within 30 min following eating, There was no persistent change in the difference in temperature between blood and brain.
Thermal Correlates of Sleep-Walking Cycles
The resting monkey, isolated in a lighted, soundattenuated chamber at 28-32 C, alternates brief episodes of slow sleep which are associated with hypothalamic cooling with episodes of arousal which are associated with In the present studies we found that similar thermal shifts were also directly related to cooling and warming in the venous blood in the right atrium and to inverse thermal shifts on the skin of the ear ( 15). During 20 experiments on four monkeys at 30 C air temperature in 10 episodes of drowsiness, skin ternperatures rose by 3 C, blood cooled by 0.3 C, and the hypothalamus cooled 0.2 C. Four episodes of "spontaneous" arousal were accompanied by ear pinna cooling of 4.5 C, blood and brain warming of 0.2 C and 0.15 C, respectively.
In four experiments in one monkey, shifts in the baseline temperature at the external nasal meatus were inversely related to shifts in blood and brain temperatures and directly correlated with sleep-waking cycles. In an air temperature of 32 C and a relative humidity of 30 %, a nasal thermocouple recorded the oscillations of the respiratory cycle as well as the basal temperature at this site ( Fig. 2) . During waking the respiratory rate was 30/min with a half-cycle (inspiratory or expiratory) excursion of 2 C. With the onset of drowsiness this respiratory rate dropped to 24/min, half-cycle temperature fell to 1 C, and the base-line temperature rose 2 C over 5 min. After the initial 1 C warming at the nose and BRAIN TEMPERATURE AND THE ARTERIAL BLOOD 393 about 30 set after the onset of sleep, the arterial blood and the brain began to cool to a peak level of about 0.3 C in 5 min. Arousal was signalled by a reversal of these thermal events, with cooling at the nose and warming of the blood, hypothalamus, and other brain sites. During eight episodes of drowsiness and sleep, the nasal ternperature rose 1.8 C over 3.5 min; blood cooled 0.3 C over 4.6 rnin; the hypothalamus cooled 0.15 C in 5 min. During five episodes of arousal, nasal temperatures fell 1.6 C i n 4 min, while the blood rose 0. we found we could elicit several different responses, such as a rise, a fall, or no change in blood and brain temperatures.
On two occasions, midafternoon darkness produced blood cooling of 0.25 and 0.3 C in 60 and 90 min, respectively, at a rate of 0.004 C/min.
Cyclic patterns of sleep behavior, EEG, and hypothalamic and rectal temperature in the monkey have been described by other workers ( 11, 14, 15, 27, 34, 42) . In our calm, trained monkeys conditioned to expect the lights to be shut off automatically at 6 PM, the abrupt onset of darkness at this time was followed by a predictable sequence of events+ Initially, there was some increased eye movements, perhaps even a slight rise in blood temperature and low-voltage EEG. Within 2-3 min after the onset of darkness, temperatures of the ear increased, venous blood cooled rapidly, to be followed in seconds by a falling arterial blood temperature, and seconds to minutes later by cooling of the various brain sites. Detailed analysis of these rapidly changing initial thermal events required a faster time base than was required for the studies shown in Fig. 3 . During 17 allnight studies in four monkeys, blood and brain temperatures fell in a parallel manner from about 38.5 C just prior to light out at 6 PM, to a low of 37.1 C at 5 AM in the dark, for an over-all cooling of around 1.4 C. Brain and blood cooling occurs in two phases: first, after the onset of darkness, there is an initial rapid temperature drop for 15-30 min at rates of up to 0.07 C/min. This accounts for about 60% of the nocturnal temperature change and is associated with continuous eye movements, low-voltage EEG, and continued blood oscillations (Fig.  3) . Thus there is a dissociation between these thermoregulatory events and the EEG and behavioral signs of the onset of sleep. This initial phase is followed by a slower degree of blood and brain cooling for the remaining 11.5 hr of nocturnal darkness, at the rate of 0.007 C/min, accounting for the rest of the total diurnal cooling and associated with absent or greatly diminished eye movements, high-voltage EEG, and absence of blood oscillations (Fig. 3) . During several all-night experiments in two monkeys, repeated 2-to lo-min bursts of eye movement, lower voltage EEG, and 0.1-O. 15 C elevations of brain and blood temperature occurred about every 20 min from midnight to 6 AM in the dark. These thermal changes with apparent paradoxical sleep in the monkey were less marked than those we observed in other species (3-5). If, after 2-4 hr of slow sleep in the dark and with blood cooling of about 1.3 C, we turn the lights on and open the chamber door, the blood and brain temperatures in the monkey rise rapidly at a maximal rate of 0,07 C/min with return toward control daytime levels in 10-l 5 min. If we failed to turn off the lights at 6 PM the monkey's brain and blood cooled slowly and steadily at a rate of approximately 0.002 C/min during the first 2 hr (30 % of total drop) and at a rate of about 0.005 C/ min (70 % of total drop) during the last 9 hr of the lighted night, with an over-all cooling of 1 C. There was no evidence of consistent change in the brain-blood temperature gradients between daytime and night-time studies on 10 monkevs over 64 experimen ts. Deep cerebral temperatures in the unanesthetized monkey were warmer than the arterial blood perfusing the brain. Thermal shifts in the brain were preceded by similar changes in the arterial blood during feeding (Fig.  1), sleeping (Figs. 2 and 3) , and arousal. The exact determination of brain-blood temperature differences (Tb-T,) was made only after several minutes of steady blood temperatures in order to avoid the effects of thermal inertia at deep brain sites (Figs. l-3) . The use of the freely flowing aortic arterial blood as a common-thermal base line is contingent upon the absence of thermal gradients in the arterial blood as it travels from the aortic arch to the intracranial vessels. A clotted arterial reference site ( cisterns, and at the intracranial blood vessels matched the temperature and oscillations of the arterial blood at the aortic arch and common carotid arteries. Blood in the midpontine basilar artery was also at aortic blood levels with identical shifts during sleep, arousal, feeding, and saline injections (Table  I , Fig. 8 ). Cerebral hemispheres. The superficial levels of the cerebral hemispheres ( l-3 mm deep) at two frontal and three temporal sites in two monkeys were warmer than the arterial blood by 0.1 C. At deeper levels (4-5 mm deep) in the frontal, parietal, temporal, and occipital regions in five monkeys, temperatures were 0.27 C warmer than the incoming arterial blood. Further into the lateral subcortical white matter (6-l 2 mm deep and lateral 8-I 0 mm) under an intact scalp, seven sites in four monkeys were 0.5 C warmer than the blood. Parasagittal subcortical sites (6-l 2 mm deep and lateral O-4 mm) in the corpus callosum and lateral ventricles in proximity to anterior cerebral arteries in five monkeys were 0.4 C above the blood (Fig. 5 ) Central locations in the nuclear masses of the cerebral hemispheres in the globus pallidus (six sites), putamen (one site), and head of the caudate (one site) in five monkeys were about 0.5 C warmer than the arterial blood. In two animals the internal capsule between upper caudate and putamen was 0.6 C warmer than the blood. The basal hemispheric structures in four monkeys were 0.35 C above the arterial blood temperatures including eight sites in medial and lateral amygdala, uncus of hippocampus, and deep temporal lobe. A complete listing of mean temperatures, range of measurements, and anatomical locations is found in Table 1 and Fig. 4 the basal subarachnoid space were at the level of arterial blood temperature.
Ventral regions of the hypothalamus ( 14 mm deep) at 15 sites in 14 monkeys, as far rostrally as the preoptic-septal region and as far caudally as the mammillary bodies, were 0.27 C warmer than the blood. Five dorsal hypothalamic sites (5-8 mm deep) in five monkeys were 0.4 C warmer than the arterial blood. Two sites in the thalamus (lateral geniculate and pulvinar) were 0.4 C above blood temperature levels. More caudally in the central brain stem in the midbrain reticular formation at eight sites in eight monkeys, temperatures were 0.5 C above arterial blood.
Brain Cooling After Intravenous Cold Mine
In 148 experiments in nine monkeys we used a standard thermal-dilution test with intra-atria1 cold saline while measurements of the degree ( "C) and speed (set) of cooling were made simultaneously in the arterial blood, the brain, and in other body sites (Fig. 5 and Table  2 ). A ZO-set bolus injection of 10 ml of chilled (5 C) isotonic saline into the right atrium was chosen as a standard test for evaluation of convective heat transfer at 41 sites in over 110 experiments in three monkeys ( Table  2 , Fig. 5 ). A t r erial blood cooled 0.8 C in 22 set while the most rapid response in a deep brain site was in the inferior colliculus with a 0.27 C cooling in 36 sec. Generally, there was an inverse relationship between the degree of warmth of a particular deep brain site above the blood and the speed and amount of heat transfer. The most rapid cooling obtained in all the intracranial sites in these three monkeys was in the cerebral cortex adjacent to a cortical arteriole with roughly 50 %I of the aortic blood cooling response and only a 5-set greater delay ( Table 2) .
Role of Air Tem$wature and the Scu& in Homeothermy of the Brain
We found that shifts in air temperature from 5-7 C on either side of the neutral zone (28-32 C) could increase or decrease the temperature difference between superficial cerebral sites with arterial blood. As noted in a preliminary report (18) and as shown in Fig. 6 30-50 mm subdurally into the superficial cortex and the subarachnoid space through occipital T slits. At five sites 4-5 mm deep in the brain in four monkeys at 30 C air temperature, temperature gradients with the arterial blood were 0.25 C. Air cooling to 20 C resulted in cooling of these cortical sites with a decrease in the temperature difference with the arterial blood by 0.15 C. At 10 C air temperature, further cooling of the brain resulted in an over-all decrease of the temperature gradients with the blood of 0.22 C, with these sites just slightly above the arterial blood temperature (see control values given earlier).
In heated air at 40 C, these five 4-to 5-mm-deep subcortical sites exceeded control (30 C air temperature) levels by a temperature difference with the arterial blood of 0.1 C. Five locations in the subarachnoid space over the cerebral cortex of two mon-EM I 38.0 keys had control temperatures just above the arterial blood at 0.02 C in air temperature of 32 C. Environmental cooling to 20 C cooled the scalp and cooled these subarachnoid sites well below the arterial by 0.25 C (Fig. 6 ). These sites in the cerebrospinal fluid of the subarachnoid space were located at the basal temporal lobe, temporal pole, and orbital surface of the frontal lobe as shown in Fig. 6 . Deeper brain sites in the hypothalamus, midbrain reticular formation, and middle of the cerebral hemispheres, as well as the arterial blood, were unaffected by this amount of environmental cooling. The specialized role of the scalp and its profuse blood supply for thermal protection of the brain has been suspected in studies on man ( 12). caused only slightly greater cerebral cooling (Fig. 8) . The warmer regions of the brain had a larger absolute temperature drop toward the blood after barbiturate administration.
When this was expressed as a percentage change from the control Tb-T, (brain-blood temperature gradient), however all regions were close to the mean level of 55 % cooling ( (Fig. 9 ).
Cerebral cooling under barbiturate anesthesia in the spontaneously breathing monkey appeared to be the result of respiratory depression and increased heat removal from the elevated cerebral blood flow secondary to hypercapnia and hypoxia (29, 38, 40) . These doses of barbiturate anesthesia may also depress oxygen consumption and neuronal metabolic heat production in the brain ( 10, 29), yet our thermal method detected no change in brain-blood temperature difference during controlled ventilation. This suggests that deep barbiturate anesthesia produces a parallel depression of heat production and heat removal in cerebral tissues with no net change in the thermal balance. In order to examine the effects of carbon dioxide at more normal levels of cerebral heat production, CO2 i n air, 1; injection of 10 ml cold (5 C) isotonic sal i ne into right atrium i n 20 set, 2; begin inhalation of air at 3; injection of 10 ml cold (5 C) isotonic sal i ne i n 20 set, 4. B: fast paper speed.
Note As described in our preliminary reports ( 19, ZO), cerebral cooling occurred at all deep brain sites, beginning 1 min after onset of S-10 % CO 2 inhalation, reaching a low point in about 4 min, and continuing at this level for the duration of exposure, usually for 10 min (Fig. lo) , but in some experiments up to an hour. When the animals returned to air breathing, their brain temperatures began to increase in 1 min and had returned to control levels by 7 min (Fig. 10) . During 43 periods of hypercapnia the mean level of decrease in the brain-blood temperature gradients in eight cerebral regions was 0.27 C, or a drop of 69 Y$ in Tb-T, (Table  3) . While the absolute change in Tb-Ta for regional sites ranged from 0.18 to 0.34, the percentage change from control levels -were all close to the mean value of 69 c/c. In addition, we observed the following during hypercapnia: EEG arousal pat- terns, elevation of arterial blood pressure, scalp cooling, and accelerated clearance of a bolus injection of cold saline (Fig. 10) . Deeper levels of anesthesia abolished many of these responses to CO2 without changing the brain cooling effect.
Changing respiratory rates from 20 to 4O/min caused the end-tidal CO2 to fall below 2 % and caused an increase in all brain-to-blood temperature differences, with some delay in cold saline heat transfer and a higher voltage EEG. The mean increase in the brain-blood temperature gradient in six cerebral regions was 0.2 C or 56 % increase in Tb-T, ( key we chose electrical stimulation of the limbic lobe ( 13, 24). We performed 22 experiments on four chronic monkeys, using nasal temperature as a sensitive measure of change in ventilation.
Electrical stimulation of the basal nucleus of the amygdala and the stria terminalis for 50 individual periods in two monkeys produced inhibition of respiration and generalized cerebral cooling. Analysis of this cerebral cooling showed that it was due partly to cooling of the cerebral arterial blood and partly to an increased blood flow to the brain. There was narrowing of the temperature gradients between the brain and the blood.
Cool air. In an air temperature of 20-30 C, stimulation of these limbic sites produced apnea in inspiration, elevation of arterial blood pressure by 30-40 mm Hg, tachycardia or cardiac arrhythmia, rapid cooling of the arterial blood by 0.4 C, followed by a greater degree of brain cooling.
Brain-blood temperature differences were decreased below prestimulus values. We observed that the rectal temperature was increased 0.12 C, the head and eyes turned upward and toward the side opposite the stimulus site, the animal vocalized, and there were EEG arousal patterns and an occasional afterdischarge. This generalized cooling of the brain at 20-30 C air temperature was dependent upon an interruption of ventilation and was apparently caused by two factors, blood cooling and increased cerebral blood flow secondary to the apnea ( 13, 29) .
Warm aire Warming the environment to 35-4-O C warmed the skin and eliminated any source of cool blood in the periphery.
Under these circumstances limbic stimulation resulted in a mild 0.1 C warming of the arterial blood in contrast to the blood cooling which occurred at cooler air temperatures (Fig. 11 ). Cerebral cooling due to increased cerebral blood flow continued to be a response to apnea induced by limbic stimulation (Fig. 11 , were studied at 45 and 50 C air temperature during barbiturate-induced circulatory and respiratory arrest. Both deep and superficial brain sites warmed during the initial 10 min after death, presumably because of the continued metabolic heat production without heat removal by the blood, while scalp temperatures remained steady (Table 3) . At these higher air temperatures, there was little cooling throughout the head after this initial rise in brain temperature except for some mild cooling toward scalp levels. When the air was then cooled to 30-35 C first the scalp, and then superficial brain, and finally deep brain sites began to cool. Cranial structures cooled at mean rates of 0.07 C/min at 30 C air temperature, 0.05 C/ min at 35 C air temperature, and not at all at 45-50 C air temperatures.
With circulatory arrest, temperatures of the blood in the aortic arch remained steady for several hours, even at 30-35 C air temperature, unless cool air was introduced into the trachea by the respiratory pump (Fig. 12) . Such cooling occurred by direct conduction across the 5-8 mm from the end of the endotracheal tube to the thermocouple in the stationary blood in the aortic arch. One arterial blood site, in which the thermocouple was lying within the vessel wall (endothelialization) against the pontine surface of the midbasilar artery, reflected the continued pontine metabolic heat production after cessation of heat removal (blood flow) with a temperature rise of 0.3 C during the initial 8 min. The brain, unlike other deep heat-producing organs, is uniquely susceptible to heat exchange with the environment, both via the scalp ( 18) and via the nasal cavity (4-6, 21). The brain's situation as a "superficial" organ complicates the study of brain temperature and m ust be recalled in any analysi .s of cerebral function.
DISCUSSION
In our studies of 16 chronic monkeys, we found that the cerebral arterial blood exerts a major influence on the thermal environment of the brain. Fluctuations in aortic blood temperature during feeding, sleeping, arousal, and saline injections were quickly followed by parallel fluctuations in cerebral arterial blood and brain temperatures. These brain temperature shifts in the primate serve to emphasize the rapidity of forced convective heat transfer by the blood from one region of the body to another, and indicate the close thermal connections that the arterial blood maintains between peripheral events and the thermosensitive zone of the hypothalamus (7, 16, 22, 41 ). An interesting example of this principle is the inverse relationship between heat loss through the nose and the temperature oscillations in the arterial blood and brain during sleep-waking cycles in the monkey (Fig. 2 ). We have recently described a similar inverse relationship between heat loss from the nasal mucosa and temDerature in the hypothalamus of the sheep during paridoxical sleep (5) and during thermal polypnea (6) due to intracranial heat exchange at the carotid rete in the cavernous sinus. Whether the primate can manage a degree of "panting" by increased upper respiratory heat loss with vasodilatation in the nasal mucosa remains to be fully elucidated (8, 9, 35) , but present evidence pointing in that direction provides another of the growing number of autonomic correlates of sleep-waking cycles (3-5, 27). Our observation that the brain is warmer than the blood has raised the question of the phvsiological basis for this phenomenon and the extent 'to which local cerebral function can influence brain temperature. We hypothesize that the warmth of the brain involves the dynamic interaction between local heat production and heat dissipation bv blood flow. The ability of the cool blood in the cerebkal arteries to remove heat from a site is closely related to the distance of that site from the subarachnoid space as well as to the local heat production and local blood flow, Whether there are actually specific local shifts in brain temperature due to primary local changes in cerebral blood flow or heat production rather than only secondary thermal shifts due to alterations in the temperature of the blood perfusing the brain, is a problem yet to be solved. It is quite obvious that a thermal solution to the problem can never be attained unless the blood perfusing the nervous site under study is used as a thermal base line for comparison (28, 32, 36) . In all of our studies in unanesthetized monkeys ( 17, 18, 25, 26) , rabbits (3), cats (4), sheep (5, 6), and dogs (21) we have yet to see an intracerebral thermal change which could not be explained by a prior shift in the temperature of the cerebral arterial blood. We have recently shown, for example, that the rise in brain temperature during paradoxical sleep, attributed by some to local increased neuronal metabolism (36) or blood flow (27, 28), was somatic stimuli. When we use the cerebral arterial blood for our thermal base line and keep in mind the complex species differences in the regulation of brain temperature (3-5, Zl), we find no thermal evidence to indicate any local increases in central neural metabolism during sleep-waking cycles, feeding, or arousal. Deep barbiturate anesthesia has a major depressant efiect on oxygen consumption, heat production, and blood flow to the primate brain ( 10, 29, 38, 40) . Still, when we controlled ventilation and apparently decreased metabolic heat production in the brain by large doses of barbiturate, we failed to see any change in brain-blood temperature gradients.
Since rates of oxygen consumption and heat production in the brain are directly linked through oxidative metabolism to the rates of production of carbon dioxide, and since carbon dioxide is probably the major factor in the chemical control of cerebrovascular tone (29, 40) , it is reasonable to expect a somewhat parallel reduction in both heat production (oxygen consump tion) and heat removal ( blood flow), with no net over-all change in the thermal balance. Our resu Its support such a conjecture.
During deep barbiturate anesthesia with controlled ventilation there was no over-all change in brain-blood temperature differences despite an isoelectric EEG (Fig. 9 ). Whether using a more sensitive thermal approach and the arterial blood as a common thermal base line will allow us to detect anv thermal correlates of changes in neuronal heat production during anesthesia remains to be studied in the primate. Certainly, investigators using the inert radioactive gas technique with au torad iography to measure regional cerebral blood flow in the cat have found highly significant shifts in local blood flow both with visual stimuli and barbiturate anesthesia (3 1). Most studies on cerebral blood flow and cerebral oxygen consumption indicate a parallel change in heat-producing and heat-removing mechanisms during varying states of consciousness, anesthesia, and cerebral disease ( 10, 29, 3 1, 40) , further suggesting that thermal correlates of changes in neuronal activity in the central nervous system may be nonexistent. 
